In this paper the polynomial approximation of the transfer function of an analog-to-digital converter (ADC) affected by harmonic distortions is investigated. The theoretical expression of the polynomial approximation of the transfer function of an ADC with harmonic components up to 5th order in the case of a sinewave test signal is derived. Also, a practical method to determine the polynomial approximation of an ADC is proposed. The simulation effected confirmed that the results obtained by this method are very accurate. Moreover, an ADC test system, developed to determine the polynomial approximation of the transfer function of an ADC by the proposed method is presented. Some experimental results obtained with this test system are given.
Introduction
An ideal analog-to-digital converter (ADC) is affected only by the quantization noise. Thus, the transfer function of an ideal ADC is given by r are the gain terms and ε n¡ is an error which depends besides e q n¡ upon the other noise sources such as harmonics, intermodulation and spurious components, jitter of sampling clock, additive noise.
The expression (2) can be written as
where
a r x r n¡ . The polynomial function y p n¡ is the approximation of the ADC transfer function with the error ε n¡ (ε n¡ is the approximation error).
The main harmonic components of an ADC are generally of orders 2 and 3, followed by 4 and 5. Furthermore, these harmonic components are often much higher than other noise sources. From this reason, to be compatible with the degree of linearity of the ADC, the order r of the polynomial function given by (2) is equal to 3 (only the harmonic 2 and 3 are considered) or 5 (the first 5 harmonic components are considered) [1] , [2] .
The harmonic components of an ADC can be very accurately estimated when the signal used to test the ADC is a high purity sinewave (a sinewave with better dynamic performances than those of the ADC) [3] .
In many ADC applications [1] , [2] ,a polynomial approximation of the ADC transfer function is used, but is no information concerning the approximation error is given. In this paper the polynomial approximation of the transfer function of an ADC with harmonic components up to 5th order is investigated. The theoretical expressions of the transfer function and of the polynomial approximation of the transfer function of this ADC in the case of a sinewave test signal are derived. Then, a method to determine the polynomial approximation of the transfer function of an ADC is proposed. The performances obtained with the proposed method are compared by simulation with the theoretical ones. Also, an ADC test system implemented to determine the transfer function of an ADC by the proposed method is presented. Using this test system some experimental results are given.
The Theoretical Expression of the Transfer Function of an ADC Affected by Harmonic Distortions in the Case of a Cinewave Test Signal
We consider a sinewave with amplitude A 1 , frequency f , phase ϕ 1 and offset d as the ADC input signal
To test all the ADC output codes A 1 is equal to FSR 2, where FSR is the ADC full-scale range.
We suppose that the ADC is affected by harmonic components up to 5th order. Thus, the ADC output signal is given by y n¡
where A k and ϕ k are the amplitude and phase of the kth harmonic component and T s is the ADC sampling period. Based upon (4), after some algebra, the expression of y n¡ becomes y n¡
The above expression of y n¡ can be written as (3), where
and
¥ §
A very important conclusion drawn from the theoretical expression of ε n¡ is that this error increases when the amplitudes of a harmonic components increases.
Determination the Polynomial Approximation of the Transfer Function
The method proposed for determining the polynomial approximation of the transfer function of an ADC consists in the following steps: i) A sinewave with an amplitude equal to the half of FSR of the ADC is applied to the ADC input. The sinewave must have better dynamic performances than those of the converter. ii) N samples of the ADC output signal are acquired. iii) Based upon the acquired samples the input sinewave parameters (amplitude, frequency, phase and offset) are estimated. iv) The order of the polynomial function which approximates the ADC transfer function is established. Then, the coefficients of the polynomial function are determined so that to minimize the approximation error.
In practical applications of ADCs frequently the sampling frequency is noncoherent with the sinewave input frequency [3] . In the analysis effected this situation is considered. To obtain, in this situation, very accurately estimates of the sinewave input parameters in step ii) the interpolated fast Fourier transform (IFFT) algorithm [4] is used.
The performances of the proposed method are verified by simulation. The ADC output signal used in simulation was
where:
is simulated harmonic distortions, e q n¡ is simulated quantization error, with The ADC tested has 12 bits. It is assumed that the quantization noise is uniformly distributed and quantization errors from sample to sample are statistically independent. ϕ 2 and ϕ 3 scan were made in [0, 2π) rad with an increment of π/50 rad. In the IFFT algorithm the 3-term maximum sidelobe decay window [5] is employed.
A 3th order polynomial function is considered for the approximation of the transfer function.
In Figure 1 are presents the theoretical values and the values obtained by the proposed method for the maximum and the minimum of the error ε n¡ (see relationship (8)) as a function of ENOB. ENOB scan was made in [9,12] bits with an increment of 0.3 bits.
From the above figure it follows that the differences between the theoretical values of the maximum and the minimum of ε n¡ and the ones obtained by the proposed method increase when ENOB increases (i.e. when the ADC global dynamic performances increase). This behavior is achieved because in the case of using the IFFT algorithm both spectral lines used for estimating the amplitude of the sinewave are very small for high ENOBs and so, are very much affected by the quantization error [6] . However, the maximum absolute value of these differences is approximately 0.2 LSB and so, relatively small. Figure 1 it follows, as from the theoretical expression of ε n¡ , that the accuracy in the approximation of the ADC transfer function by a polynomial function decreases when the ADC harmonic distortions increase. The performances of the proposed method can be improved by increasing the number of samples used in the IFFT algorithm.
Based upon the results presented in
Based upon Figures 1-3 it follows that the proposed method determines with high accuracy the polynomial function which approximates the ADC transfer function and the accuracy increases when the amplitudes of the ADC harmonic components increase. 
ADC Test System for Determining the Polynomial Approximation of an ADC Transfer Function
To determine the polynomial approximation function of an ADC an test system was developed. This test system has the following key features:
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The acquisition system is based on a TMS320C5x DSK board [7] .
Maximum record length of 4096 samples.
Maximum sampling frequency of 20 MHz.
Control of the signal generator via the IEEE-488 bus.
The software is easy to use; it interacts with the user through mouse driven graphical interfaces.
The polynomial approximation of the transfer function is determined by the method presented above. A 5th order polynomial function is considered for the approximation of the converter transfer function. 
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Three graphical pages are available, which provides a large amount of information concerning the polynomial function, sinewave input signal parameters and the ADC dynamic performances.
Saving in ASCII format data files obtained by simulation or by means of other acquisition systems.
The sinewave input signal parameters and the ADC dynamic parameters were estimated by the IFFT algorithm. The ADC dynamic parameters estimated were the signal-to-noise and distortion ratio (SINAD) and ENOB.
The block diagram of the ADC test system is presented in Figure 4 . The data acquisition programs were written in C and in assembly language of the TMS320C5x DSK. The data processing and the interactive graphical pages were realized by means of Matlab.
The ADC tested was TLC0820 [8] . This is a high-speed 8-bit unipolar halfflash converter, realized in LinCMOS technology, with a minimum access and conversion time of 1.18 µs in the most rapid write-read mode. The sampling frequency of the TLC0820 was 333.33 kHz. Figure 5 shows the results obtained after testing the TLC0820 in the case of using a sinewave test signal characterized by 15.5 kHz frequency, 2.5 V amplitude (equal to half of the converter FSR) and 2.5 V offset. The upper graphs of Figure 5 (a) present the polynomial approximation of the transfer function and the polynomial approximation without the input signal. In the bottom graph of Figure 5 (b) the polynomial approximation error is plotted.
At 15.5 kHz the TLC0820 has high dynamic performances (see Figure 5 (c)).
As we observed from the ADC spectrum presented in the bottom graph of Figure 5 (a) the 2 and 4 harmonic components are the most important, but which are relatively close to the quantization noise. Thus, as it follows from (7), the coefficients c 2 and c 4 of the polynomial approximation are more greater than the coefficients c 3 and c 5 . The coefficient c 0 is practically equal to the sinewave offset (see Figure 5(c) ), result which is in good agreement with the theoretical expression of c 0 given in (7) (in this expression the amplitude of the harmonic components are neglected in rapport to the sinewave offset). Figure 6 presents the results obtained after testing the TLC0820 in a particular situation in which the number of input sinewave cycles is practically equal to 128 which is an integer power of 2. From the bottom graph of Figure 6 (b) it is clearly evident that in this situation remains ADC output codes which are not tested. If are not tested all the ADC output codes we are not sure that the converter dynamic performances obtained rest the same. Therefore, the dynamic performances of the converter presented in Figure 6 (c) corresponds only to the converter output codes tested and not to the converter.
Conclusions
This paper was focused on the analysis of the polynomial approximation of the transfer function of an ADC affected by harmonic components. The theoretical expressions of the coefficients of the polynomial function which approximates the ADC transfer function and of the polynomial approximation error were derived for an ADC with harmonic components up to 5th order in the case of using a sinewave test signal. From the theoretical relationships of the approximation error it follows that this error increases when the amplitudes of the harmonic components increase, i.e. when the global dynamic performances of the converter decrease. A method for determining the polynomial approximation of the transfer function of an ADC was, also, presented. The performances of this method increase when the ADC global dynamic performances decreases. However, the results provided by the presented method are accurate even in the case of ADCs with high global performances.
Moreover, an ADC test system which has as main objective the determination of the polynomial approximation of the transfer function of an ADC by the proposed method is presented. For an 8-bit high-speed converter some experimental results obtained with this test system are given.
